Summary: In this study, computational methods are applied to investigate the general properties of antigen engaging residues of a paratope from a non-redundant dataset of 403 antibody-antigen complexes to dissect the contribution of hydrogen bonds, hydrophobic, van der Waals contacts and ionic interactions, as well as role of water molecules in the antigen-antibody interface. Consistent with previous reports using smaller datasets, we found that Tyr, Trp, Ser, Asn, Asp, Thr, Arg, Gly, His contribute substantially to the interactions between antibody and antigen. Furthermore, antibody-antigen interactions can be mediated by interfacial waters. However, there is no reported comprehensive analysis for a large number of structured waters that engage in higher ordered structures at the antibody-antigen interface. From our dataset, we have found the presence of interfacial waters in 242 complexes. We present evidence that suggests a compelling role of these interfacial waters in interactions of antibodies with a range of antigens differing in shape complementarity. Finally, we carry out 296 835 pairwise 3D structure comparisons of 771 structures of contact residues of antibodies with their interfacial water molecules from our dataset using CLICK method. A heuristic clustering algorithm is used to obtain unique structural similarities, and found to separate into 368 different clusters. These clusters are used to identify structural motifs of contact residues of antibodies for epitope binding. Availability and implementation: This clustering database of contact residues is freely accessible at
Introduction
Antibodies are capable of recognizing an almost infinite array of protein antigens with exquisite specificity and remarkable affinity (Michnick and Sidhu, 2008) . This is most crucial for providing protection against foreign protein antigens. However, the underlying mechanisms of how this recognition is achieved are not understood.
Current strategies for optimizing affinity and specificity of antibody-antigen interactions rely on selecting and screening from a large pool of random candidates (Ponsel et al., 2011) . Therefore, a deeper understanding of the principles of antibody-antigen interactions will facilitate the development of novel antibodybased therapeutics. Computational methods are currently used as Discovery Note important tools for the discovery and design of small molecule inhibitors/modulators, optimizing their affinities for their targets, minimizing off-target effects, and engineering proteins, enzymes, antibodies (Dunbar et al., 2014; Olimpieri et al., 2013) . The increasing amount of data on antibodies is helping in the understanding of their sequence-structure relationships as well as the structural bases underlying their stability and evolution. A major effort towards developing tools for antibody engineering has been focused on understanding the physico-chemical characteristics of the paratope and epitope regions (MacCallum et al., 1996) . The paratope is the most important region of an antibody for recognition of the epitope of its antigen with specificity and high affinity. It has been found in a dataset of 6 antibody-antigen complexes (McPC603, Fab D1.3, B13I2 ) that Tyr and Trp are substantially enriched in the binding regions of antibodies (Mian et al., 1991) with a particular emphasis of Tyr (Davies and Cohen, 1996) . Kringelum et al. and Ramaraj et al. have also found in larger datasets of 53 and 107 antibody-antigen complexes that Tyr and Trp occur frequently in antibody paratopes (Kringelum et al., 2013; Ramaraj et al., 2012) . The design of Complementarity Determining Regions (CDRs) based on a fouramino-acid code (Tyr, Ser, Ala, Asp) or binary code (Tyr, Ser) has been used for synthetic antibodies (Fellouse et al., 2004 (Fellouse et al., , 2006 (Fellouse et al., , 2007 . Using human vascular endothelial growth factor (hVEGF) as the test antigen, the four-amino-acid code (Tyr, Ser, Ala, Asp) and (Tyr, Ser) binary libraries produced antibodies with high-affinity antigen-binding fragments (Kd < 10 nM) (Fellouse et al., 2004 (Fellouse et al., , 2007 . Birtalan et al. combined Tyr, Ser and Gly to generate highly specific synthetic antibodies with affinities in the subnanomolar range (Birtalan et al., 2008) . In our study, we build upon the earlier studies by analyzing the contribution of hydrogen bonds, hydrophobic, van der Waals, ionic interactions and role of water molecules in antigen-antibody interfaces from a more comprehensive and larger dataset (403 non-redundant antibody-antigen complexes) consisting of 8603 contact residues.
Our study confirms that Tyr plays an especially important role in interactions with epitopes of structurally diverse antigens as it has the highest frequency of participation in epitope binding as well as the highest number of hydrogen bonds, hydrophobic and van der Waals interactions. The aromatic residue Trp and the short-chain hydrophilic residue Ser are enriched in the contact residues of antibody structures as has also been observed previously in studies of the available smaller datasets (Kringelum et al., 2013; Ramaraj et al., 2012) . However, our analysis has revealed that additionally, Gly has a significantly high number of hydrogen bonds and van der Waals interactions in the contact residues of antibody structures even though Gly does not have a sidechain. Although this has not previously been reported, Fellouse et al. in designing an antibody library, concluded that Gly in CDR-H3 is important for providing a conformation suitable for high-affinity binding (Fellouse et al., 2007) . In addition to Gly, our study suggests that Asn, Asp, Thr, Arg contribute substantially to epitope binding. Recently, Chen et al. reported the construction of an antibody library and found that antibody-antigen interaction specificity is enhanced by incorporating short-chain hydrophilic residues (Asn, Asp, Thr and Ser) in CDRs (Chen et al., 2015) . Our study confirms His is overrepresented in contact residues of antibodies (Chen et al., 2009) .
Interfacial waters have been known to mediate interactions between antibody-antigen (Bhat et al., 1994) and molecules that do not have optimal shape complementarity at their interfaces (Barakat et al., 2011) . Yokota et al. have demonstrated the importance of water mediated hydrogen bonds in the interactions between HEL (hen egg white lysozyme) and its HyHEL-10 Fv antibody (Yokota et al., 2003) . In this study, we find that a large number of structured waters engage in higher ordered structures at the antibody-antigen interface. From 403 antibody-antigen complexes, the presence of interfacial waters is found in 242 complexes. An analysis of these interfacial waters reveals that water molecules mediate a significant number of interactions between antibodies and antigens.
Having mined the contact residues from the heavy and light chains of antibody structures with their interfacial water molecules from 403 antibody-antigen complexes, we spatially cluster them using our 3D structure comparison method CLICK. The resultant 368 different clusters are the basis for a new database. Our study shows that structural motifs of contact residues of antibody structures can be identified from this clustering database. Recently, the SAbDab server provides a clustering of antibody CDR conformations (Dunbar et al., 2014) . Adolf-Bryfogle et al. have also constructed a database (PyIgClassify) for classification of CDR conformations of antibodies (Adolf-Bryfogle et al., 2015) . However, currently there is no database of structural classification for contact residues of antibodies. The results from our clustering database could give insights into epitope binding specificities and make contributions in understanding of how an antibody interacts with an antigen.
Materials and methods

Dataset
The non-redundant (99% sequence identity) dataset of 403 antibody-antigen complexes available at http://mspc.bii.a-star.edu.sg/ minhn/database/403antibody_antigen.txt from the Structural Antibody Database (SAbDab) was used in this study (Dunbar et al., 2014) . The structures from SAbDab are annotated with several properties such as experimental information, gene details, correct heavy and light chain pairings, antigen details and antibody-antigen binding affinity. This dataset is used in our study for analysis of characteristics of contact residues and atoms of the antibody structures ( Fig. S1 in Supplementary).
Contact residues of antibody structures
In the study of Peng et al., contact residues are identified using solvent accessible surface areas (ASA) change upon the formation of the antibody-antigen complex (Peng et al., 2014) . In our study, we identify contact residues ( Supplementary Fig. S3 ) using both criteria: (i) ASA change upon the formation of the antibody-antigen complex and (ii) distance to any antigen residue less than 6 Å . The residue distance is measured as a distance between any two non-hydrogen atoms. The solvent ASA on a molecule surface is calculated by MODELLER (Sali and Blundell, 1993) using the algorithm of Richmond and Richards (Richmond and Richards, 1978) , which uses a sphere (representing the solvent) of a particular radius to 'probe' the surface of the molecule.
Hydrogen bonds
Hydrogen bonds are defined for geometries where the angle between the hydrogen bond donor D, the attached hydrogen atom and the hydrogen bond acceptor A (D-H. . .A) is greater than 120 and the distance between D and A is less than 3.5 Å (Peng et al., 2014) . Hydrogen bonds are identified using Chimera software (Pettersen et al., 2004) with the relax hydrogen bond constraints of 0.4 Å and 20 degrees. These constraints were empirically identified by Chimera, and work well for most macromolecular structures.
Hydrophobic interactions
Hydrophobic interactions are defined as interactions between any two of the nine non-polar amino acids (Ala, Ile, Leu, Met, Phe, Pro, Val, Tyr, Trp) when their residue distance, measured as a distance between any two non-polar groups in the non-polar sidechains is less than 5Å (Tina et al., 2007) .
Van der Waals interactions
Van der Waals interactions are defined as interactions between any two amino acids when the distance between any two non-hydrogen atoms is less than the sum of the van der Waals radii plus 0.5 Å of the respective atoms (Bickerton et al., 2011) .
Ionic interactions
Ionic interactions are defined as interactions between any two oppositely charged amino acids when the distance between any their following sidechain atoms of positively charged amino acids (CZ, NE, NH1, NH2 of Arg; CD2, CE1, CG, ND1, NE2 of HIS; NZ of Lys) and sidechain atoms of negatively charged amino acids (CG, OD1, OD2 of Asp; CD, OE1, OE2 of Glu) is less than 6Å (Bickerton et al., 2011) .
Interfacial water molecules
Water molecules are identified as interfacial waters if they make hydrogen bonds with both contact residues (or contact water molecules) of the antibody and antigen. Contact waters are water molecules that have direct hydrogen bonds with paratope or epitope. Chimera software (Pettersen et al., 2004 ) is used to identify hydrogen bonds of water molecules with the relax hydrogen bond constraints of 0.4 Å and 20 degrees.
Identifying structurally similar contact residues
In order to develop computational methods for analyzing the similarities between the 3D structures of the antibodies, we use the CLICK algorithm (Nguyen and Madhusudhan, 2011; Nguyen et al., 2011) , whose main strength emerges from its ability to perform topology independent comparisons. From the non-redundant dataset of 403 antibody-antigen complexes, 806 complex structures of heavy and light chains of antibody with antigen are used separately to identify the structures of contact residues. The list of the 806 structures of contact residues and their interfacial waters is then sorted according to the number of residues. After that we remove any structure in this list that has less than 3 residues, as CLICK needs for structural superimpositions a minimum of 3 residues. This results in 771 structures of contact residues and their interfacial water molecules from the various antibody complexes. These are subject to structural comparisons using CLICK (296 835 pairwise structural comparisons). The structure overlap (SO) and root mean square deviation (RMSD) for each CLICK comparison are monitored.
Heuristic clustering method
These 771 structures of contact residues of antibody structures are clustered to obtain unique structural similarities of the contact residues ( Supplementary Fig. S2 ). We use the heuristic clustering algorithm based on SO of all CLICK pairwise structural comparisons. SO of 70% is used as a clustering similarity threshold, and a representative structure of each cluster has SO 80% with the other structures in its cluster. The heuristic clustering algorithm consists of four sequential steps described in detail in the Supplementary Material, Methods section.
Results
Identifying contact residues of antibody structures
From the non-redundant dataset of 403 antibody-antigen complexes, we identified 8603 contact residues. Overall, we find that the most frequent amino acid is Tyr while the lowest frequency is of Met and Cys (Supplementary Table S2 ); this is similar to earlier findings from other groups (Davies and Cohen, 1996; Kringelum et al., 2013; Ramaraj et al., 2012) . We also find that short-chain hydrophilic residues Ser, Asn, Asp and Thr are more enriched in the contact residues compared to the aromatic residues Trp and Phe (Supplementary Table S2 ). Meanwhile, the populations of longchain hydrophilic residues (Glu, His, Lys, Gln) are not high amongst the contact residues (Supplementary Table S2 ). Hydrophobic residues (Leu, Ala, Val, Pro, Ile, Met, Cys) are depleted among the contact residues in comparison with hydrophilic residues. Table S3 in the Supplementary shows the normalized contact residue propensity for each amino acid residue in the dataset of 403 antibody-antigen complexes. Over-represented residues are found 1.5 times more often in contact residues of antibodies (paratopes) than in antibody sequences (Chen et al., 2009 ). Conversely, underrepresented residues are found 0.5 times less often than in antibody sequences (Chen et al., 2009) . As seen in Supplementary Table S3 , the over-represented amino acids are Trp, Tyr, Asn, Arg, His and Asp while the under-represented amino acids are Ala, Val, Leu, Pro, Cys, Gln and Lys. Among contact residues, Tyr makes the highest number of normalized contact residue propensity (Supplementary  Table S3 ). Although occurrence of His is not high amongst the contact residues, His is over-represented because of its rare occurrence in antibody sequences (Supplementary Table S3 
Hydrogen bonds
Using the Chimera software to calculate hydrogen bonds, we identified 3700 hydrogen bonds made by the 8603 contact residues of the antibodies with the antigen residues. Tyr makes the highest number of hydrogen bonds (Supplementary Table S4 ) and these are largely contributed by its sidechain donor/acceptor OH (Supplementary Table S4 ). In contrast, Met and Cys have the lowest number of hydrogen bonds (Supplementary Table S2 ). Hydrophobic residues (Leu, Ala, Val, Pro, Ile, Met) engage the least in hydrogen bonds. Short-chain hydrophilic residues (Ser, Asn, Asp and Thr) have more hydrogen bonds than the aromatic residues (Trp and Phe) and longchain hydrophilic residues (Glu, His, Lys, Gln) (Supplementary Table S2 ). Tables S5-S12 in Supplementary show the number of hydrogen bonds contributed by main chain and donor/acceptor atoms of Trp, Phe, Ser, Thr, Asn, Gly, Arg and Asp. The sidechain atoms of these residues have more number of hydrogen bonds compared to their main chain atoms, except for Gly, Phe. Although the frequency of the occurrence of long-chain hydrophilic residue Arg is lower compared to the short-chain hydrophilic residues (Asn and Thr), the number of hydrogen bonds made by Arg is higher (Supplementary Table S2 ).
Compared to hydrophobic residues, Gly has significantly higher number of hydrogen bonds (Supplementary Table S2 ), made through its backbone atoms (Supplementary Table S8 ). The occurrence of hydrogen bonds of Gly is 4.1% while the total occurrence of hydrogen bonds for the hydrophobic residues Ala, Val, Leu, Ile, Met and Pro is 4.3% (Supplementary Table S2 ).
Among short-chain hydrophilic residues, the sidechain donors/ acceptors of Ser, Thr, Asn and Asp have significantly higher number of hydrogen bonds than those made by their main chain atoms (Supplementary Tables S7, S8 , S9 and S12). For the long-chain hydrophilic residue Arg (Supplementary Table S11 ), the number of hydrogen bonds contributed by the sidechain donors/acceptors (NE, NH1, NH2) is significantly higher than those of its main chain (O, N). In summary we find that the aromatic residue Tyr and shortchain hydrophilic residues (Ser, Asn, Asp and Thr), long-chain hydrophilic residue Arg, and Gly contribute substantially to the hydrogen bonded interactions between antibody and antigen. Our findings are consistent with a recent, report by Peng et al. (2014) who found in a dataset of 111 antibody-antigen complexes that hydrogen bonds contributed by the sidechain donors/acceptors (OH, OG, OG1) of Tyr, Ser, Thr occur frequently in the antibodyantigen interfaces (Supplementary Tables S4, S7 and S8).
The presence of interfacial waters is found in 242 complexes from the dataset of 403 antibody-antigen complexes. We identified 2580 interfacial water molecules from these 242 antibody-antigen complexes. The number of hydrogen bonds of contact residues with the 2580 interfacial water molecules is 3863. Compared to 3700 hydrogen bonds made by the all 8603 contact residues of antibodies with the antigens, this number suggests that the hydrogen bonds via interfacial water molecules contribute substantially in the interactions of antibodies and antigens. Among contact residues, Tyr, Ser, Asp, Asn make the highest numbers of hydrogen bonds with the interfacial water molecules (Supplementary Table S2) , and a majority are through the sidechain atoms (Supplementary Tables S4, S7 , S9 and S12).
Van der Waals interactions
We found 38 556 van der Waals interactions made by the 8603 contact residues. Tyr has the highest number of van der Waals interactions (Supplementary Table S2 ) and most of these arise from its sidechain interactions, dominated by the sidechain OH (Supplementary Table S4 ). Supplementary Table S2 shows that hydrophobic residues (Leu, Ala, Val, Pro, Ile, Met) have smaller number of van der Waals interactions in comparison to the shortchain hydrophilic residues (Ser, Thr, Asn and Asp). The short-chain hydrophilic residues (Ser, Thr, Asn and Asp) also have higher number of van der Waals interactions than those of the other hydrophilic residues, except for Arg.
Hydrophobic interactions
There are 22 537 hydrophobic interactions made by the 8603 contact residues, dominated again by the Tyr sidechain and of that mostly by the sidechain atoms (CE1, CE2) (Supplementary Tables  S2 and S4 ). The occurrence of hydrophobic interactions contributed by Tyr is 48.5% while the total occurrence of hydrophobic interactions for the other hydrophobic residues is 51.5%. Aromatic residues (Trp and Phe) make more hydrophobic interactions than the non-polar residues (Ala, Val, Leu, Ile, Met and Pro).
Ionic interactions
The 8603 contact residues engage in 6891 ionic interactions which are much smaller in number than the van der Waals and hydrophobic interactions made. Among charged residues Lys, Arg, His, Asp, Glu, positively charged Arg and negatively charged Asp have significantly higher and similar number of interactions and these are spread evenly across the polar sites (Supplementary Tables S2,  S11 , S12).
Role of interfacial water in antigen-antibody interactions
In our study, we systematically mined the interfacial water molecules that were present at the interface of antigen and antibody. To account for the effect of the structure resolution on the number of water molecules resolved, we study the properties of interfacial waters in 2 datasets: (i) 70 high resolution structures with resolution less than 2 Å (average resolution ¼ 1.81 Å ) and (ii) 242 structures (average resolution ¼ 2.27 Å ). The distribution of the number of interfacial water molecules (Fig. S4A in the Supplementary) shows that the structure resolution does indeed seem to affect the number of interfacial waters resolved and that more interfacial water molecules are observed in the dataset of 70 high resolution structures. Additionally, there is a high probability of interfacial waters mediating the epitope-paratope interaction. In most instances, there are 5-25 interfacial waters, and in a few cases >30 water molecules can be observed in these 70 antibody-antigen complexes. These water molecules appear to enhance the interactions between the antibody and antigen. This, in turn, might enable an antibody to interact specifically with a range of antigens which are very diverse in shape complementarity. Interestingly, such a phenomenon has already been demonstrated for the GCC:B10 mAb that is known to recognize peptides -HIPPENIFPLE, HIPPEN and ENIFPLE differentially, where each binding event is associated with variable displacement of water molecules (15, 7 and 3, respectively) from the binding site (Swaminathan et al., 1999) . Furthermore, these interfacial waters engage in up to 3-6 interactions with other contact water molecules and contact residues of antibodies and antigens ( Supplementary Fig. S4B ). Additionally, these waters exhibit low B-values ( Supplementary Fig. S4C ). Together this suggests that these interfacial waters from the dataset of 70 high resolution structures are tightly bound at the interface and appear to enthalpically stabilize the complex.
Driven by the observation that there are a large number of interfacial waters with a mean B-value of 30 Å 2 , we suspect the presence of higher ordered structures involving water molecules that complement for the lack of optimal shape complimentarity and stabilize the antigen-antibody binding interfaces. For instance, an interesting pentamer is observed at the interface of antibody and antigen of the human IL-18 complexed to Murine IGG 125-2H with resolution of 1.49 Å (PDB code: 2vxt) (Supplementary Fig. S5 ). This pentamer is composed of four interfacial waters and complemented by the side chain of Tyr 96. This forms an almost regular pentagonlike structure with the angle between the edges of this structure being 108 6 5.50 and the distance between the vertices being 2.7 6 0.1 Å . Though the ordered water molecules at this antibodyantigen interface have been suggested to have a role in tight and specific binding (Argiriadi et al., 2009) , this pentamer has not yet been reported. Water molecules engaged in such pentamers have been observed in the antifreeze protein and are reported to be quite stable and critical for maintaining the native fold of the protein (Sun et al., 2014) . However, precise characterization and quantification of such higher ordered structures involving water molecules requires molecular dynamics simulations which are beyond the scope of the current investigation.
Clustering contact residues of antibody structures
From 296 835 CLICK pairwise comparisons for 771 structures of contact residues of antibody structures and their interfacial water molecules, we used the heuristic clustering algorithm to identify 368 different clusters based on their structure overlaps (SO). The largest cluster has 27 structures (Supplementary Table S13), and the structure of 17 contact residues of the light chain of the human IL-18 complexed to Murine IGG 125-2H (PDB code: 2vxtLI) is the representative structure of this cluster. Supplementary Figures S6A, S6B and S6C show the CLICK superimpositions of the contact residues of light chain of 2vxtLI (gray color) with contact residues of light chains from the structures of HYHEL-10 FV complexed with Turkey white lysozyme (PDB code: 1uacLY; red color), Humanized antibody targeting CXCL12 (PDB code: 4lmqLD; green) and Human anti-alpha toxin antibody (PDB code: 4u6vLA; blue) with SO ¼ 100% and RMSD ¼ 0.57, 0.23, 0.73Å , respectively. The CLICK superimpositions from these 4 structures indicates that Tyr residues at positions 91 and 96, and Ser at position 93 of light chain (chain L) of 2vxtLI are almost conserved not only in the alignments but also occupy identical spatial locations (Supplementary Fig.  S6D ). The CLICK alignment between contact residues of light chains of 2vxtLI and 1uacLY shows that Tyr 91, Ser 93, Tyr 96 of 2vxtLI are aligned with Ser 91, Ser 93, Tyr 96, and these residues are in almost identical spatial locations (Supplementary Fig. S6A ). The interfacial water molecules that make hydrogen bond with Tyr 96 of 2vxtLI and 1uacLY are in almost identical spatial locations ( Supplementary Fig. S6A ). Table S14 ). Several interfacial water molecules of antibody structures in this cluster are in almost identical spatial locations ( Supplementary Fig. S7 ). Our analysis of this cluster suggests that C a and C b atoms of Lys 32, Tyr 91, Ser 93, Tyr 96 of 2vxtLI could be used as a structural motif for epitope binding. Figure S8 in the Supplementary shows the superimposition of the contact residues of light chains from the structures of the human IL-18 complexed to Murine IGG 125-2H (PDB code: 2vxtLI) and HYHEL-10 FV complexed with Turkey white lysozyme (PDB code: 1uacLY) using CLICK alignment of their contact residues. As seen in Supplementary Figure S8 , although the contact residues and main chain conformations of light chains of two complexes are structurally similar, the structures of their antigens are much different. Using Chothia annotated sequence from the SAbDab server (Dunbar et al., 2014) , we identify CDR regions of contact residues (Tables S15 and S16 in the Supplementary). As seen in Supplementary Tables S15 and S16, most contact residues of these two complexes are in CDR-L1 and CDR-L3. Additionally, CLICK superimpositions of contact residues of 26 antibody structures with contact residues of 2vxtLI in Figure S7 and Tables S15, S16, S17, S18 in the Supplementary indicate that CDR-L3 have more contact residues, and contact residues in CDR-L3 are more structurally conserved compared to those of CDR-L1 and CDR-L2. The conformation of contact residues in CDR-L2 is less conserved than that of CDR-L1. Figure S9 in the Supplementary shows the superimposition of heavy chains from structures of human interferon alpha-2A bound to the Fab fragment of a therapeutic monoclonal antibody (PDB code: 4ypgBC; gray color) and the human beta2 adrenergic G-protein-coupled receptor (PDB code: 2r4sHA; pink color) as their contact residues are in the same cluster. As seen in Supplementary Figure S9 , the main chain conformations of loop regions of CDR-H1, CDR-H2 and CDR-H3 are structurally similar. The CLICK superimposition from the contact residues of these two complexes (Fig. S10 in the Supplementary) indicates that Tyr at position 32 in CDR-H1, Asn at position 57 in CDR-H2, and Arg at position 98 in framework of 4ypgBC and 2r4sHA are conserved not only in the alignment but also occupy identical spatial locations. As seen in Supplementary Figure S10 , the conformations of CDR-H1 and CDR-H2 are more conserved than that of CDR-H3 while CDR-H3 has more contact residues than those CDR-H1 and CDR-H2 (Tables S19 and S20 in the Supplementary). Our result suggest that the positions of Tyr 32 in CDR-H1, Asn 57 in CDR-H2, Arg 98 in framework of 4ypgBC and 2r4sHA appear to favour specific interactions with epitopes.
Discussion
In our study, computational methods have been applied to investigate the general properties of contact residues of antibody structures. We analyze 8603 contact residues of the non-redundant dataset of 403 antibody-antigen complexes for change of solvent accessible surface area, hydrogen bonds, hydrophobic, van der Waals and ionic interactions. Tyr is found to be the most frequent contact residue, with its sidechain making the most number of hydrogen bonds, hydrophobic and van der Waals interactions. Our study also demonstrates that short-chain hydrophilic residues (Ser, Asn, Asp and Thr) and Arg, Gly contribute substantially in epitope binding through van der Waals and ionic interactions and hydrogen bonds across antibody-antigen interfaces. Our study with the normalized contact residue propensity in the dataset of 403 antibody-antigen complexes indicates that Trp, Tyr, Asn, Arg, His and Asp are overrepresented amino acids in paratopes. Since our study is based on interaction-counting processes, amino acids frequently found in antibody-antigen interfaces presumably make more frequent contacts (especially van der Waals interactions) than other residues (independent of its size) that are less frequent.
In addition, we have studied for the role of interfacial water molecules that make hydrogen bonds with both paratopes and epitopes, and suggested these water molecules make important contributions to the interactions of antibodies and antigens. Tyr, Ser, Asp, Asn make the highest numbers of hydrogen bonds with the interfacial water molecules. From the 403 antibody-antigen complexes, we have found the presence of interfacial waters is found in 242 complexes. Our study on 70 high resolution structures with resolution less than 2 Å suggests that their interfacial water molecules are tightly bound at the interface of antibody and antigen, and appear to stabilize the complex.
Previous study of Chakrabarti et al. on the dataset of 70 structures from protease-inhibitor, large protease complexes, antibody-antigen, enzyme complexes, G-proteins, cell cycle, signal transduction, and other protein-protein interactions has demonstrate that Gly, Ser and Tyr are the largest contributors to the interfaces (Chakrabarti and Janin, 2002) . We have found that the contact residues of antibody structures for epitope binding are enriched by aromatic residues (Tyr, Trp), short-chain hydrophilic residues (Ser, Asn, Asp and Thr), longchain hydrophilic residue Arg, and Gly. Aromatic residues have been found to be able to interact with diverse functional groups in different complexes (Salonen et al., 2011) , and therefore selective pressure exists for the enrichment of Tyr and Trp in the contact residues of antibody structures. We have demonstrated that short-chain hydrophilic residues (Ser, Asn, Asp and Thr) and Arg contribute in functional antigen-binding sites through van der Waals, ionic interactions and hydrogen bonds. Our study also suggests that Gly contributes substantially in epitope binding through hydrogen bonds and van der Waals interactions.
Finally, we have carried out a comprehensive structural comparison of 771 structures of contact residues of antibodies from the 403 antibody-antigen complexes using CLICK. The heuristic clustering algorithm has been applied to identify 368 different clusters. Our study suggests that conserved structural motifs of contact residues of antibody structures for epitope binding can be identified from this clustering database. A closer scrutiny of all pairs of interactions for each cluster could give insights into epitope binding specificities. The analysis of our clustering database contributes towards understanding antibody-antigen interactions and how antibody paratopes with relatively little structural variation can recognize epitopes with immense structural diversity.
